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The  in-situ  estimation  of the  thermal  resistance  (Rc-value)  of  walls in buildings  is  of  major  signiﬁcance  to
determine  their  energy  performance.  The  exact  construction  of  walls  is  generally  unknown,  especially  in
older buildings,  making  the  estimation  of the  Rc-value  inaccurate.  In-situ  measurement  is  generally  not
being performed  because,  for the  current  standard  method  (ISO  9869),  generally  a measurement  period
of more  than  ten  days  is  required.  In  the  present  paper,  a new  transient  in-situ  measurement  method
(Excitation  Pulse  Method,  EPM)  based  on the  theory  of response  factors  is  derived,  applied  experimentally
on  three  walls,  showing  that  it is possible  to  measure  the Rc-value  within  less  than  2 h. The results  are
compared  to the  ones  obtained  by ISO  9869  method,  showing  a good  agreement.  Additionnally,  EPMhermal transmittance U-value
esponse factors
ransient method
nergy labeling
measurement  technique  can  provide  the  average  Volumetric  Heat  Capacity  and thermal  conductivity.  It  is
also  shown  that the  ISO 9869  method  can  be easily  improved  by  using  an additional  heat  ﬂux  meter.  EPM  is
believed  to make  a signiﬁcant  contribution  to  the  quick  and accurate  estimation  of the  thermal  resistance
in  unknown  constructions  and  therefore  to the accuracy  of the  prediction  of energy  consumption  in
buildings.
© 2016  Elsevier  B.V.  All  rights  reserved.. Introduction
The building stock in the European Union accounts for nearly
0% of total EU energy consumption [1]. In accordance with the
PBD (Energy Performance of Building Directive), it is mandatory
or all European countries to deﬁne Energy Labels for buildings.
n The Netherlands, such energy labels are based on calculation
ethods described in ISSO 82.3 [2], developed as a part of EPBD,
eading to a theoretical value of gas and electricity consumption.
eferring to studies by Majcen et al. [1], and Ioannou and Itard [3],
t turns out that the actual energy consumption for heating, strongly
eviates from the predicted values. The poorer the energy label, the
orse is the prediction. Generally, poorer energy labels are given
o the older buildings with poor insulation in which the heating
nergy consumption is shown to be strongly overestimated (up to
0%). In a sensitivity analysis carried out by Majcen et al. [4], it was
llustrated that one of the very sensitive parameters in predicting
nergy consumption is the U-value of the walls. Even slight changes
n the U-value result in considerable changes in heating demand [1].
∗ Corresponding author.
E-mail addresses: A.Rasooli@tudelft.nl (A. Rasooli), L.C.M.Itard@tudelft.nl
L. Itard), C.A.InfanteFerreira@tudelft.nl (C.I. Ferreira).
ttp://dx.doi.org/10.1016/j.enbuild.2016.03.009
378-7788/© 2016 Elsevier B.V. All rights reserved.It is much more difﬁcult to estimate the U-values in old buildings
than in new ones. In the newer buildings, the wall construction is
generally known whereas in old ones, it is often impossible to know
even if an insulation layer is present or not.
In The Netherlands, the U-value and the Rc-value of the walls
are seldom measured but rather estimated following the descrip-
tions available in [2], based on calculations and procedures in [5]
which suggests thermal resistances for different types of construc-
tion materials. However, in old buildings, the construction and the
material of the walls are often unknown. Hence, the procedure
will lead the inspector to use Rc-values based on the year of the
construction, tabulated in [6]. Accordingly, it is very well possi-
ble that this method currently used for several years leads to a
very poor estimation of the thermal transmittance in old buildings
with unknown construction. The valid measurement techniques
available today for in-situ Rc-value measurement include the inter-
national standard ISO 9869 [7] and the American standard ASTM
[8,9]. These methods require long periods of measurement (up to 2
or more weeks) which is obviously an obstacle to making measure-
ments. Hence, new methods are required to measure the Rc-value
of unknown constructions on-site with a good level of accuracy in a
short time. The topic of this research has become so far crucial that
the International Energy Agency’s program Energy in Buildings and
Communities (EBC) has dedicated the ongoing (2011–2015) project
52 A. Rasooli et al. / Energy and Bu
Nomenclature
Symbols
k Thermal conductivity (Wm−1K−1)
l Wall thickness (m)
q˙ Heat ﬂux (Wm−2)
Rc Conductive thermal resistance (m2KW−1)
T Temperature (K)
t  Time (s)
X Response factor at excitation side (Wm−2K−1)
Y Response factor at the other side of excitation pulse
(Wm−2K−1)
Greek letters
 Difference
ı Magnitude of the triangular excitation signal
Indices
i Response factor number
n nth response factor
ss Steady state
w Wall
Abbreviations
EPM Excitation Pulse Method
RF Response Factor (Wm−2K−1)
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2.2.2. Comparison between calculated and measured valuesVHC Volumetric Heat Capacity (Jm−3K−1)
Annex 58” to “Reliable building energy performance characteriza-
ion based on full scale dynamic measurements” [10].
In this paper, a transient method is presented for in-situ mea-
urement of the thermo-physical properties of the walls including
hermal resistance. The method is based on the principles of the
hermal response factors (RFs) method by Mitalas and Stephenson
11].
In Section 2, a state-of-the-art about relevant measurement
echniques is presented. Section 3 describes the theoretical part
f the method, the experimental set up is introduced in Section
, and in Section 5 the results of the measurements are analyzed.
onclusions and recommendations are drawn in Section 6.
. State-of-the-art
In principle, the Rc-value of an existing building component can
e obtained by applying the standard method of measuring the
eat ﬂow rate on one side and the temperatures on both sides of
he element under steady state conditions. However, since static
onditions are never achieved on site in practice, other approaches
re necessary to overcome this issue.
.1. Lab methods
The use of steady state methods such as application of hot-
ox apparatus [12] in labs and transient methods are common
pproaches for measurement of the Rc-value. For example, large
cale devices such as ORNL hotbox apparatus [13] have been used
or large building components reliably [14]. In the large scale, other
peciﬁc kinds of hot boxes can be used as well to assess the dynamic
erformance of walls by simulating outdoor conditions in the lab.
hese experiments include the static and dynamic tests by Sala et al.
15] and later on by Martin et al. [16] which were done via an air
hambered hot box in the lab. Along the same line, outdoor test
ells are developed to measure the thermal characteristics of build-ildings 119 (2016) 51–61
ing components [17]. Jiménez et al. [18] used such a large scale cell
to characterize a wall exposed to actual weather conditions.
2.2. In-situ methods
Regardless of the beneﬁt of aforementioned lab methods in
including the actual weather conditions, they cannot be applied in
existing residential buildings. Therefore, in the recent past, in-situ
measurements have become more popular and numerous in-depth
studies have been conducted regarding in-situ evaluation of ther-
mal  characteristics such as thermal resistance, effective thermal
mass [19], and speciﬁc thermal conductance [20] .In-situ measure-
ments are performed by measuring the heat ﬂow rate at the surface
of the wall and surface temperatures over a long enough period. By
application of a dynamic theory [19,21] in the analysis of recorded
data the ﬂuctuations of the heat ﬂow rate and temperatures can be
taken into account. In accordance with the literature and relevant
technical reports, although various in-situ measurement methods
[21] have been proposed till today, the challenge remains for han-
dling the ﬂuctuations of the temperatures and heat ﬂuxes on both
sides of the building walls, in addition to the time delay in thermal
response of the ones with higher thermal mass due to which static
conditions are never achieved.
2.2.1. Methods based on ISO 9869 and ASTM standards
ISO 9869 [7] and ASTM [8,9], using the same principles, pre-
scribe the standard measurement method for in-situ measurement
of Rc-value and U-value of building components. The analysis of the
measured data is done via Average method (Summation method
in ASTM) and via Dynamic method (or by Least Squares method in
ASTM), which does not shorten the minimum measurement period
in heavy elements (walls). Especially in heavy walls, when using the
Dynamic method, the measurement time required for obtaining
the U-value is the same as in the Average method [22]. Includ-
ing the dynamic effect of thermal mass of unknown constructions
in ISO 9869 [7] requires sampling and endoscopic inspection by
drilling which is generally not allowed by the dwellings’ occupants.
A desirable on-site measurement method should not only be reli-
able, but also non-destructive to be applicable during the building
inspections [23].
After at least 72 h of monitoring, if the termination criteria has
been met  [7], the measurements may  stop [24]. Ahmad et al. [25]
studied hollow reinforced precast concrete walls based on stan-
dards ASTM C1155 [8], ASTM C 1046–95 [9], and ISO 9869 [7] in
Saudi Arabia ﬁnding 6 days enough for satisfaction of the conver-
gence criteria. However, such short period is generally insufﬁcient
for obtaining results, especially, in countries with less stable cli-
mate [26]. Smaller temperature gradients along two  sides [23] and
heavy construction of walls are other shortcomings [8] of such mea-
surements. In Scotland, with a monitoring period of 17 days, Baker
[27] compared the in-situ measurement results based on ISO 9869
[7] with the ones obtained in the lab, resulting in a good agree-
ment. The study was  further developed [28] by studying a greater
number of case studies where he showed the necessity of longer
periods of in-situ measurements for achieving satisfactory results.
It turned out that in some cases, even 36 days of monitoring had not
been enough to measure the U-value of the walls. The walls with
heavier construction demand more time to stabilize the average
heat ﬂux and the average temperature gradient. Note that by long
periods of measurement, more climatic ﬂuctuations are included
in the results, highly increasing the error probability.In the United Kingdom, Doran [29] conducted a research to
improve the building simulations by making comparisons between
the measured and the standard calculated U-values [30]. It was
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hown that the U-values can be underestimated up to 30% by cal-
ulation. The same conclusion has been drawn more recently by
sdrubali et al. [31]. Based on ISO 9869 [7], Rye and Scott [32]
ublished a technical report for SPAB (Society for the Protection
ncient Buildings), with their measurements based on Baker’s [28]
eport on 77 old-constructed walls. The results were compared to
he calculated U-values, showing that in 77% of the cases, the cal-
ulation software had overestimated the U-values. Along the same
ine, other studies [33,34] also conclude that the measured U-values
an be signiﬁcantly lower than the ones being assumed. This possi-
le overestimation is suspected [4] to be one of the reasons for the
nal overestimation in energy consumption predictions in poorer
utch energy labels.
.2.3. Other methods
Other in-situ measurement methods include IR thermography.
oncerning much emphasis on non-destructivity nature of inspec-
ions, the application of thermography for thermal diagnostics has
een popular since early 90s. Grinzato et al. [35], and Balaras and
rgiriou [36] illustrated some of the use and advantages of ther-
ography in building diagnostics such as inspections of insulation
roblems. Fokaides and Kalogirou [37] applied infrared thermog-
aphy for the determination of U-value in building envelopes in
yprus. The results have been compared with ISO 9869 [7] method
s well as calculations. Regardless of the advantage of this method
o the others in shortening the measurement time, the data analysis
s done by steady-state models. Furthermore, the required steady
limate conditions such as indirect solar radiation, low wind speed,
nd complete evacuation of the building are the main obstacles of
his method. The conditioning period prior to the test to achieve
he quasi-steady state condition is considered 3 to 4 h while it is
ell known that for high thermal mass (old buildings), such short
eriod is never enough. Therefore, this method is limited to light
onstructions and steady climate conditions.
From the scientiﬁc perspective, regarding the U-values and
c-values, measurements are generally preferred to calculations
ecause they provide more realistic and accurate information nec-
ssary for prediction of energy use in buildings. While the need for
ccurate in-situ measurements has become evident, the only appli-
able methods require long measurement periods which strongly
estrain their practical use. Therefore, there is a certain demand for
 new method to tackle this issue.
. Methodology
The current reliable standard methods for in-situ measure-
ent of the walls’ thermal resistance are originally static-based
ith corrections to include the dynamic effects. However, in
ase of unknown structures, due to lack of information about
hermo-physical properties, these corrections cannot be applied.
dditionally, the problem of the need for long measurement peri-
ds becomes even more extreme for the case of The Netherlands
here the climate is quite unsteady and the temperature and heat
ow ﬂuctuations are relatively large. The present paper describes
 fully transient method, the Excitation Pulse Method (EPM), by
hich only few hours of measurements are needed. In Subsections
.1 and 3.2, the theory behind and the method itself are presented,
n 3.3, the data processing method is described, and in Section 3.4,
he validation of the method is explained.
.1. Excitation Pulse Method, EPMThe idea behind EPM is based on the theory of RFs. Mitalas and
tephenson [11] developed the theory of RFs leading to methods
hat have been applied in building simulation software (e.g. ENER-
YPLUS, TRNSYS) till today [38]. The RFs method is used as anildings 119 (2016) 51–61 53
alternative to solving sets of partial differential equations. The ben-
eﬁt of the method is that it is independent from the wall’s internal
temperature. The RFs are calculated from the wall thermo-physical
properties. The heat ﬂuxes q˙1 and q˙2 at two  surfaces of the wall can
be calculated then as a function of surface temperatures,X being the
inner heat ﬂux time-series RFs to a triangular surface temperature
pulse of 1 K, and Y being the outer heat ﬂux time-series RFs to the
same pulse (Eq. (1) and Eq. (2)). In Fig. 1, the concept is illustrated,
with q˙1 the heat ﬂux from the excitation pulse, and q˙2 the heat ﬂux
on the wall’s outer surface.
The heat ﬂuxes on the wall’s surfaces based on RFs are obtained
by the following equations [11].
q˙1 =
∞∑
i=0
XiT
t−i
1 −
∞∑
i=0
YiT
t−i
2 (1)
q˙2 =
∞∑
i=0
YiT
t−i
1 −
∞∑
i=0
XiT
t−i
2 (2)
where q˙1 and q˙2 are the heat ﬂuxes of two sides of the wall with
surface temperatures T1 andT2. The variable t is the RF time interval
deﬁned here as the time for the pulse to start from zero and reach
its peak (half of the triangle). X and Y are the RFs either calculated
by equations in [11] or obtained via EPM.
In EPM, the problem is reversed: if it is possible to control the
wall’s surface temperature to form a triangular proﬁle, then it is
possible to determine the RFs X and Y by measuring the heat ﬂuxes
q˙1 andq˙2. Therefore, in EPM, the wall’s interior surface is linearly
heated and cooled, generating a triangular surface temperature
proﬁle. Meanwhile, the heat ﬂuxes on two sides of the wall are
measured leading to the RFs to this excitation pulse. Not only can
these RFs be used directly in dynamic simulations, but also they can
lead to the determination of the Rc-value and other thermal proper-
ties. A patent has been ﬁled on the method (application submission
number 2014467) to NL Patent Ofﬁce.
3.2. Determination of the Wall’s RFs by EPM
In actual conditions, temperature and heat ﬂux ﬂuctuations
always exist on the surface of the walls. Temperature ﬂuctua-
tion range, generally higher than 1 K, prevents measurements to
take place accurately. However, since the RF method is based on
Fourier’s conduction equation and Laplace transform [39], it allows
applying the superposition principle [11], allowing generation of a
triangular pulse with a magnitude much greater than 1 K. Having
a greater magnitude allows neglecting the small magnitude tem-
perature and heat ﬂux ﬂuctuations while easing the application
and control, assuring sufﬁcient heat penetration through the wall.
Of course, the magnitude should be such that it doesn’t affect the
inside ﬁnishing of the wall (e.g. paint or wallpaper). According to the
superposition principle, the measured heat ﬂux should be divided
by the magnitude of the triangular pulse in order to obtain the RFs
of the equivalent wall (RFs are deﬁned for a triangular pulse with
a magnitude of 1 K). The equivalent wall here means a homoge-
neous wall with same thermal behavior according to its equivalent
thermo-physical properties. Let ıbe the magnitude of the triangular
pulse. The RFs can be calculated from the results of the EPM as:{
Xi = q˙1/ı
Yi = q˙2/ı
(3)
where Xi and Yi are the RFs. q˙1 and q˙2 are the heat ﬂuxes measured
at interior and exterior surfaces respectively.
According to the theory of RFs, time interval is a very important
variable. Different time intervals for the excitation signal result in
different time series of RFs. The smaller the time interval is, the
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reater the RFs will be. This is logical because for reaching the
esired temperature earlier, a greater amount of heat is required.
n the other hand, it is possible to convert the RFs from one time
nterval to another. For instance, RFs with the time interval of 1/2 h
an be converted to RFs with time interval of 1 h as following [11]:
RFi)t=2t = (0.5RF2i−1)t=t + (RF2i)t=t + (0.5RF2i+1)t=t (4)
here (RFn)t=t is the nth RF at time interval t and (RFn)t=2t is the
ame RF at time interval2t. The relation between the time inter-
al and the ﬁrst X RFs of a 0.2 m brick wall (K = 1.2 Wm−1K−1) is
resented in Fig. 2:
As seen in Fig. 2, greater time intervals result in smaller response
actors. This implies that in EPM, a greater time interval can be cho-
en instead of a greater magnitude of the excitation pulse. The main
riterion of choosing EPM’s time interval is that the heat response
temperature rise) should be observed from the opposite side of the
all. This can be checked with the heat ﬂux/temperature data. In
his case, it can be concluded that the information (heat conduction)
as been received by the other side.
.3. Determination of the Wall’s thermo-physical properties
According to the deﬁnition of q˙1 andq˙2, a derivation for Rc-value
ased on RFs is demonstrated:
q˙1 + q˙2)/2 =
1
2
[ ∞∑
i=0
XiT
t−i
1 −
∞∑
i=0
YiT
t−i
2 +
∞∑
i=0
YiT
t−i
1 −
∞∑
i=0
XiT
t−i
2
]
1
2
⎛
⎜⎜⎝
⎡
⎢⎢⎣
X0
...
Xn
⎤
⎥⎥⎦+
⎡
⎢⎢⎣
Y0
...
Yn
⎤
⎥⎥⎦
⎞
⎟⎟⎠× ([Tt1. . .Tt−n1 ]− [Tt2. . .Tt−n2 ]) (5)
q. (5) is always true. Therefore it is also true when the wall is
n steady state condition. Let the wall be in a steady state con-
ition with constant surface temperatures T1 and T2 for n hours.
his assumption does not inﬂuence the results and it only helps in
athematical simpliﬁcations. Then with a constant temperature the surface and measuring heat ﬂux responses on two sides of the wall.
gradient T1 − T2 from time t − n to time t:
1
2
⎛
⎜⎜⎝
⎡
⎢⎢⎣
X0
...
Xn
⎤
⎥⎥⎦+
⎡
⎢⎢⎣
Y0
...
Yn
⎤
⎥⎥⎦
⎞
⎟⎟⎠× ([Tt1. . .Tt−n1 ]− [Tt2. . .Tt−n2 ])
= 1
2
⎛
⎜⎜⎝
⎡
⎢⎢⎣
X0
...
Xn
⎤
⎥⎥⎦+
⎡
⎢⎢⎣
Y0
...
Yn
⎤
⎥⎥⎦
⎞
⎟⎟⎠× [Tt1 − Tt2. . .Tt1 − Tt2] (6)
1
2
⎛
⎜⎜⎝
⎡
⎢⎢⎣
X0
...
Xn
⎤
⎥⎥⎦+
⎡
⎢⎢⎣
Y0
...
Yn
⎤
⎥⎥⎦
⎞
⎟⎟⎠× [1. . .1]1×n × (T1 − T2)
= 1
2
(
n∑
i=0
Xi +
n∑
i=0
Yi
)
× (T1 − T2) (7)
By deﬁnition of the steady stateq˙ss = q˙1 = q˙2, Eq. (7) leads to:
(q˙1 + q˙2)/2 = q˙ss =
k
l
(T1 − T2) =
1
2
(
n∑
i=0
Xi +
n∑
i=0
Yi
)
(T1 − T2)
(8)
Therefore:
1
2
(
n∑
i=0
Xi +
n∑
i=0
Yi
)
= 1
2
n∑
i=0
(Xi + Yi) =
k
l
= 1/Rc (9)
The Rc-value therefore can be obtained by the sum of the measured
RFs.
Rc = 2 ×
(
n∑
i=0
(Xi + Yi)
)−1
(10)
The beneﬁt of Eq. (10) is not only the direct conversion of the EPM
results into Rc-value, but also on top of that, is the signiﬁcant short-
ening of the measurement time without affecting the accuracy. The
reason behind is that the term
∑n
i=0(Xi + Yi) converges much more
quickly than each of the terms
∑n
i=0Yi and
∑n
i=0Xi (which also indi-
vidually approach the inverse of Rc-value). Fig. 3 shows an example
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Fig. 2. The relation between time interval and the X thermal response factors.
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ersion  of this article.)
f the response factors (X in red, Y in blue, and the X + Y in black)
f a sample Dutch brick wall (k = 1.2 Wm−1K−1) of 0.2 m thickness.
As shown in Fig. 3, while X and Y factor curves (in blue and
ed) converge to zero at timet = 9, the curve of X + Y (in black)
onverges to zero at time t = 4 which is ﬁve hours earlier. Con-
equently, the Rc-value can now be obtained even quicker. This
henomenon explains why, as described later in Section 3.4, the
verage Rc-value based on heat ﬂuxes on two sides of the wall con-
erges more quickly than the one based on heat ﬂux on one side. If
he thickness of the wall is known (this can generally be estimated
n site quite accurately), the equivalent thermal conductivity of the
all (k) can also be determined. Afterwards, it should be possible
y solving the set of equations of the RFs [11], to determine the
olumetric Heat Capacity (VHC). These equations can be solved
ither for both properties VHC and k or only for VHC when k is
btained from the Rc-value based on Eq. (10) and the thickness of
he wall. The speciﬁc heat capacity and the density are combined
s one property VHC here since in the heat transfer equations, the
ggregated variable is directly used. This is beneﬁcial since three
ariables of density, speciﬁc heat capacity, and k can be reduced
nto two variables VHC andk.
.4. Validation of the method
The current standard methods include the international stan-
ard ISO 9869 [7] and the American standard ASTM [8,9] with
he same data analysis method and different stopping criteria. The
pplication of ASTM is explicitly noted to be limited to light to
edium-weighted constructions. ISO 9869 though seems to be
ore applicable in the walls’ typologies and structures. However,rpretation of the references to colour in the text, the reader is referred to the web
it still seems to be very dependent on the information about the
construction. In this research, ISO 9869 [7] seems to be better for
validation of EPM because of its structure and the fact that it is com-
monly used in studies alike. In case of unknown construction, the
only sub-method to be used is the Average method of ISO 9869.
Therefore, for validation of the measurement results, this method
has been used for the three walls investigated. The obtained Rc-
values by EPM are compared to the ones obtained by measurements
based on ISO 9869 [7] method, and the relative difference is pre-
sented in order to assess the accuracy and validity of the EPM as a
new method. In each case study, one in Den Haag (The Netherlands)
and two in Delft (The Netherlands), the two methods have been
conducted at the same period of time.
The measurement method based on ISO 9869
The ISO 9869 [7] method requires two thermocouples to be
mounted on two  surfaces of the wall and one heat ﬂow meter on
one side of the wall with more stable temperature. The steady-state
assumption implies that only one heat ﬂow meter is enough since
the average heat ﬂow on both sides are equal in a long-enough
period of measurement. However, in the current study, two heat
ﬂow meters are used on two  sides of the wall which have relatively
equal steadiness in the surface temperature proﬁle because a strong
protective insulating shield (box) was designed and mounted on
the exterior surface. It is well known that due to the thermal mass,
differences always exist between internal and external heat ﬂuxes.
The inside surfaces were not exposed to direct solar radiation and
heat convection. The duration of the measurement depends on the
stopping criteria explained in the document of ISO 9869 [7]. The
duration of the test must exceed 3 days taking up to 7 to 14 days
or even more than a month for heavy structures. For walls with
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nknown construction, the Average method is to be used but with-
ut the heat accumulation corrections. The Rc-value based on this
ethod is then obtained by Eq. (11):
c =
n∑
t=1
Tt/
n∑
t=1
q˙t (11)
here Tt is the temperature difference between two  sides and
˙ t is the heat ﬂux in the same direction of Tt and t is the time
nterval, chosen 5 min  for data logging. Obviously, according to the
eat accumulation by thermal mass, each Rc-value calculated based
n each heat ﬂux meter, converges to a different number. With
 long enough measurement period (e.g. one month) and quasi-
teady state conditions, both converge to the same value. This is
ue to the fact that according to the conservation of energy, the sum
f the heat going through the wall, over a relatively long period, is
qual to the sum of the heat ﬂux coming out of the wall:
n
t=1
(q˙t)1 =
n∑
(
t=1
q˙t)2 (12)
here (qt˙)1 and (qt˙)2 are the interior and exterior heat ﬂuxes with
he same direction at timet. Hence, it is implied that by using an
dditional heat ﬂow meter (two instead of one as in ISO 9869 [7])
nd using the average of the two Rc-values, in accordance with
heory of RFs and Fig. 3, it should be possible to obtain the Rc-value
lightly quicker.
. Experimental set up
The aim of the experimental set up is the proof of principle for
he EPM. In Fig. 4, a schematic view of the experimental set up
esigned for EPM is shown. The heater is an infrared radiative type
nd the performer of the experiment performs as a controller in
rder to adjust the heat ﬂux to the wall’s surface.
The purpose of EPM is to observe the heat ﬂow on two  sides
f the wall as responses to a triangular temperature pulse on the
all’s interior surface. As mentioned before, the duration of exert-
ng the excitation pulse and the maximum surface temperature to
each (the magnitude of the pulse) depend on the actual conditions
uch as sensitivity of the ﬁnishing of the wall to high temperatures.
ince there is much emphasis laid on the “non-destructivity” nature
f the inspection, this issue must be taken into consideration. In this
ase, as explained in Section 3.3, a greater time interval can be cho-
en instead of a higher surface temperature. Generally speaking,
 range of 70 ◦C to 90 ◦C and a duration of 15 min  (6 RFs in 1.5 h)
ere found to be appropriate for the maximum surface tempera-
ure and the time interval. Note that a too short time interval will
lso make it difﬁcult or even impossible to control the wall sur-
ace temperature linearly. Note also that if the exterior heat ﬂux
esponse (temperature rise) is not observed, a greater time interval
ust be chosen.
.1. Locating a proper test area by IR thermography
Before starting the experiment, it is recommended to ﬁnd an
ppropriate area to install the set up. It is well known that some-
imes the walls are not thermally homogeneous. Therefore, as
ecommended in ISO 9869 [7], an IR thermography camera is used
or the allocation of the area where the experiments should take
lace. If the surface temperature proﬁle shows a range, it can be
oncluded that multiple points of measurements should be chosen
nd the measured values should be corrected.ildings 119 (2016) 51–61
4.2. Generating a triangular surface temperature pulse
A triangular pulse is generated by taking a step-by-step proce-
dure to make sure that the whole pulse signal is built up properly.
Linear heating to the maximum temperature (e.g. 80 ◦C) takes place
by decreasing the distance between the heater and the wall’s
surface. Right after linear heating, linear cooling takes place imme-
diately. This is very important because the wall reacts according to
its “memory” and the type of the pulse that is previously given to
it. Linear cooling takes place by increasing the distance between
the heater and the wall, followed by cooling with a fan and an
ice bag respectively. According to the cooling rate, at some point,
the heater must be switched off and then forced convection heat
removal should start by using a fan with increasing air ﬂow rate
(Forced Convection). At ﬁnal steps—when the temperature does
not decrease with the convection, an ice bag must be held close
enough to the wall’s surface to remove heat by combined radiation
and convection to maintain the pulse at a zero level. The surface
temperature received from the thermocouple is read and compared
to the desired linear data. According to the time interval, the heat
ﬂow is adjusted by varying the radiator’s distance or dimming its
power.
4.3. Protecting the exterior surface
The exterior surface of the wall is exposed to various thermal
disturbances such as forced convection, solar radiation, etc.  These
effects are the main phenomena inﬂuencing the undesirable ﬂuc-
tuations of temperature and heat ﬂow on the surface which in
ISO 9869 [7], cause a demand for longer measurement periods.
Therefore, it is desired to prevent such disturbances by insulating a
considerable part of the wall which is under inspection. Addition-
ally, the measurements of the heat ﬂux response on the exterior
surface of the wall have to be distinguished from the other heat
ﬂux disturbances such as solar radiation, wind convection, IR radi-
ation, etc.  This part of the wall is therefore isolated from the rest of
the surface by a protective shield (box). The total thermal resistance
provided by the box perpendicular to wall’s surface is 4.41 m2K/W.
Experiments have shown that the presence of the box signiﬁcantly
reduces the temperature and heat ﬂux ﬂuctuations.
4.4. Heat ﬂux and temperature measurements and data
acquisition
Two heat ﬂux sensors (EKO MF-180) with individual calibration
certiﬁcations are mounted on both sides of the wall under study.
According to the temperature dependency of these sensors, a max-
imum error of 1.8% in high levels of heat ﬂux has been possible.
Two T-type thermocouples with an accuracy of 0.1 K are attached
at the same spots of heat ﬂux sensors. The data logger has an accu-
racy of 0.5 K in the temperature junction (reference temperature).
Therefore, a maximum total error of 0.6 K in the temperature mea-
surement is expected. The surface of the heat ﬂux sensors and the
thermocouples are covered with a layer of tape with the same color
of the wall’s surface for sake of radiative heat transfer. The linearity
of the signal is controlled every 10 s. According to the chosen time
interval, the data is read and analyzed to obtain the RFs.
5. Results
The experiments have been conducted for three case studies.
The measurement results of one case study are shown explicitly
here and the results of two other case studies are shown brieﬂy
in Table 3 . The case study investigated in this paper is an 8.5 cm
thick wall with unknown construction in a bedroom of an 84 m2
apartment located in Delft with an energy label of E. The the year
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Fig. 4. The designed set up for the experiment: heating by radiative heater and cooling by a convection fan and an ice bag. Exterior surface of the wall is protected by a box
and  the data from heat ﬂux sensors and thermometers is recorded in a data logger.
Table 1
The results of measured thermal RFs by EPM, case study.
RF 0 1 2 3 4 5
X 13.77 −10.01 −1 −0.5 −0.1 0
Y  0.1 0.2 0.1 0 0 0
Table 2
Rc-values in (m2K/W) obtained by ISO 9869 method using q˙1 (inner side heat ﬂux) and q˙2 (outer side heat ﬂux), case study.
Day 1 2 3 4 5 6 7 8
Rc (q˙1) (m2K/W) 0.8011 0.8342 0.8014 0.9405 0.9324 1.0790 1.0728 1.0553
Rc  (q˙2) (m2K/W) 0.4848 0.4842 0.4517 0.4419 0.4472 0.4452 0.4395 0.4472
Day  9 10 11 12 13 14 15 16
Rc  (q˙1) (m2K/W) 1.1141 1.1197 1.1663 1.1560 1.1489 1.1280 1.1014 1.1141
Rc  (q˙2) (m2K/W 0.4424 0.4419 0.4329 0.4308 0.4226 0.4215 0.4273 0.4275
Table 3
Comparison between the Rc-values by ISO 9869 and by EPM for three case studies.
Case study Location Duration ISO 9869 Rc by ISO 9869 (duration >2 weeks) Rc by EPM (Duration 1.5 h) Predicted Rc (calculation) Departure
1 Delft 16 Days 0.77 m2 K/W 0.78 m2 K/W – +1.2%
2  Den Haag 14 Days 0.173 m2 K/W 0.172 m2 K/W 0.175 m2 K/W −0.6%
3  Delft 14 Days 1.57 m2 K/W 1.60 m2 K/W – +2.0%
Fig. 5. Case study—the whole building (left), the inside surface of the wall (middle), and the outside surface and sensors covered by the box (right). Location: Delft, The
Netherlands, Oct 2014.
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f construction is 1964. In Fig. 5, the whole building, the interior
nd the exterior surfaces are shown.
The results of IR thermography showed that for the three case
tudies of this research, only one point was sufﬁcient for the mea-
urements to take place.
.1. EPM results
The results of the RFs and surface temperature measurements
y EPM are presented in Fig. 6. For this type of wall, the inner heat
ux response goes up to about 800 W/m2.
The magnitude of the excitation pulse (in orange) is 57 K. There-
ore, all of the measured heat ﬂuxes are divided by 57 in order to
btain the RFs at the excitation side (in red) and at the other side (in
lue). The peak of the interior RF curve (in red) isX0, then comes the
1 which is the minimum of the curve, and then the rest of the RFs.
lotting the connecting lines according to the theory explained and
he values from the graphs, the RFs for the case study are obtained
s given in Table 1 .ildings 119 (2016) 51–61
According to Eq. (10), the Rc-value can be obtained using the
sum of RFs.
Rc = 2 ×
(
ni=0(Xi + Yi)
)−1 = 2/(2.57) ∼= 0.78(m2K/W) (13)
5.2. ISO 9869 Results
The heat ﬂux and surface temperature measurements (every
5 min) by ISO 9869 method for the case study are presented in Fig. 7.
As seen in the temperature graph, the surface temperature of the
exterior surface of the wall has been successfully bounded by the
protective shield and the undesired ﬂuctuations and disturbances
are damped.
Results of Rc-value measurements based on ISO 9869 for the
case study are presented in Table 2 .Rc(q1˙) andRc(q2˙) are the cumu-
lative Rc-values calculated by interior and exterior heat ﬂuxes q1˙
andq2˙
The ﬁnal Rc-values based on q1˙ and q2˙ are obtained
1.114 m2K/W and 0.427 m2K/W respectively. The duration of the
measurements has exceeded 72 h and the Rc-values for q1˙ and
q2˙ converge by 1.15% and 0.04% error, respectively, satisfying the
ﬁrst and second termination criteria of ISO 9869 [7]. The Rc- value
obtained from the ﬁrst 10 days deviates less than 5% from the Rc-
value obtained of the last 10 days, fulﬁlling the third condition.
The ﬁnal criterion cannot be investigated though because of the
fact that there is no information about the construction to calcu-
late the stored heat. In Fig. 8, the variations of cumulative Rc-values
obtained from the case study are plotted.
After 10 days, the data starts converging to a certain value. It is
very well known that by having a longer period of measurement,
the two  different Rc-values will converge to a common number. In
Fig. 9, the average Rc-value is shown as a function of days. It can
be seen that the convergence occurs earlier in comparison with the
previous graphs in Fig. 8.
As mentioned before, the Rc-value (taken as the ﬁnal average of
two cumulative Rc-values) for the case study with ISO 9869 method
can be obtained as following:
Rc = (Rc (q˙1) + Rc (q˙2))/
2  = (1.1141 + 0.4275)/2 ∼= 0.77
(
m2K/W
)
(14)
An Rc-value of 0.78 m2K/W by EPM and 0.77 m2K/W by ISO 9869
with an error of +1.2% shows a good agreement between the two
methods. Note that using the ISO 9869 method based solely on one
side’s heat ﬂux would have led to around 44.5% miscalculation in
the Rc-value even though the required conditions had already been
met.
5.3. Summary of the results for the 3 case studies
The results of the three experiments are summarized in this sec-
tion. For the three case studies with different conditions, EPM and
the method based on ISO 9869 were applied. The results are sum-
marized in Table 3. For the case study in which the construction of
the wall was  known (Dutch brick wall), the measured Rc-values
are compared to the calculated Rc-value (k = 1.2 W/mK  [40] and
l= 0.21 m).
As illustrated in Table 3, the results of EPM show a good agree-
ment with the ones obtained by applying the method based on ISO
9869 [7]. Furthermore, by using an additional heat ﬂux sensor it
was possible to shorten the measurement period of ISO 9869 [7]
method and increase its accuracy because the convergence of the
ﬁnal Rc-value occurs earlier in case of using the average Rc-value.
In Table 4, the results of the Rc-values by EPM are compared to
the ones predicted by ISSO [2,6] (in the framework of Dutch energy
labeling) for unknown constructions. According to ISSO 82.1 [6] and
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Fig. 7. Heat ﬂux and surface temperature measurements on two  sides of the wall (case study).
Fig. 8. Rc-values obtained by ISO 9869 method using q˙1 (inner side heat ﬂux, top) and q˙2 (outer side heat ﬂux, bottom), case study.
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SSO 82.3 [2], the Rc-value is assumed based on construction period
hich is the same in all three cases (before 1965). Accordingly, the
c-value for all three cases is supposedly equal to 0.19 m2K/W.
As shown in Table 4, the estimation of the Rc-value by ISSO
2.3 [2] can result in a considerable error. The ISSO estimations
re compared to the ones obtained by EPM because EPM already
howed a good agreement with the method based on ISO 9869 stan-
ard. Taking convective heat transfer coefﬁcients of 7.6 W/m2K and
5 W/m2K for indoor and outdoor respectively in accordance with
SSO [40] and ISO 9869 [7], the U-values for three cases by ISSO and
y EPM are calculated in Table 5.d between Rc(q˙2) and Rc(q˙2), case study.
As shown in Table 5, by using ISSO [2,6] (Dutch energy label-
ing method), the U-values of the unknown walls can be extremely
overestimated. This also might explain the overestimation of
gas consumption in old dwellings with poor energy labels and
unknown construction in [1]. However, three case studies are far
from enough to prove so.5.4. Error analysis
For error analysis, the accuracy of EPM has been investigated
in the case study with highest possible error values (Den Haag). To
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Table 4
Comparison between the Rc-values by ISSO 82.1 (Dutch energy labelling method) and by EPM for three case studies.
Case study Location Construction year Rc by ISSO 82.1 Rc by EPM Departure
1 Delft 1964 0.19 m2 K/W 0.78 m2 K/W −76%
2  Den Haag 1933 0.19 m2 K/W 0.172 m2 K/W +10%
3  Delft 1680 0.19 m2 K/W 1.6 m2 K/W −88%
Table 5
Comparison between the U-values by ISSO 82.1 and by EPM for three case studies.
Case study Energy label U-value by ISSO 82.1 U-value by EPM Departure
2K 2
2K 
2K 
o
e
(
o
o
l
a
c
t
6
6
g
o
w
s
b
o
w
f
m
o
I
s
c
A
o
i
u
o
t
c
t
b
I
9
i
6
s
t
o
t
s
d
C
[
[
[
[
[
[
[
[1 E 2.76 W/m
2  F 2.76 W/m
3  F 2.76 W/m
btain the accuracy of the Rc-value measured by EPM, the fractional
rror analysis followed by quadrature error analysis approach [41]
heat ﬂux divided by temperature and then the summation of RFs to
btain the Rc-value) is performed. The maximum relative error to
ccur by the measurement equipment is less than 6%. Since in the
evels of temperatures and heat ﬂuxes in two other case studies
re lower in comparison with the aforementioned one, it can be
oncluded that the level of instrumental error in EPM has been less
han 6%.
. Conclusion
.1. Conclusions
A new in-situ Rc-value measurement technique was investi-
ated and tested in three case studies. In one hour and a half of
n-site measurements, it was possible to measure the Rc-value
ith an accuracy comparable to the one by weeks of ISO 9869 mea-
urements. A difference of less than 2% was found in comparison
etween EPM and the method based on ISO 9869. Moreover, for
ne of the case studies EPM showed also a very good agreement
ith the calculated Rc-value of the wall. While there is still place
or improvements, according to the ﬁrst results, the concept of this
ethod already shows to be working accurately enough to rely
n. By comparison between the assumed Rc-values tabulated in
SSO 82.3 (the Dutch energy labeling method) and the ones mea-
ured, it was shown that the estimation of Rc-value in unknown
onstructions, based on construction period, can be very poor.
long the same line, from the comparison between the U-values
btained by EPM and the ones estimated by ISSO 82.1 energy label-
ng method, up to 393% overestimation was found. Hence, in case of
nknown constructions-which occurs quite often for inspection of
ld dwellings- it is recommended to apply EPM instead of referring
o the construction period. Additionally, It was shown that in some
ases with lack of information about the thermo-physical proper-
ies and the construction of the wall, the criteria of ISO 9869 can
e fulﬁlled while the obtained Rc-value is substantially incorrect.
t was also shown that it is possible to improve the method of ISO
869 in terms of accuracy and time by using two heat ﬂow meters
nstead of one and by averaging the two sets of results.
.2. Recommendations for future studies
Further investigations on walls with different constructions
hould be carried out to test the validity of the EPM especially for
he walls strongly inhomogeneous in the direction of the heat ﬂux
r for the two-dimensional heat transfer. It is also recommended
o test further the reproducibility of the results through different
easons and conditions. Furthermore, it is highly recommended to
esign an advanced automatic-controlled prototype for the EPM.
urrently, because the main emphasis was laid on the feasibility
[1.05 W/m K +163%
2.92 W/m2K −6%
0.56 W/m2K +393%
of the concept of this method, the experiments were carried out
manually (by hand). Along the same line, it would be beneﬁcial to
improve the cooling system by replacing the ice packs with a small
adjustable cooling unit. A high quality automatic-controlled set up
can strongly reduce the errors and ease the application for further
measurements.
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